INTRODUCTION {#sec1-1}
============

The terms forme fruste keratoconus, subclinical keratoconus and keratoconus suspect have been used to designate early stages of keratoconus which do not become manifest on biomicroscopy, but demonstrate subtle topographic features comparable to those of clinical keratoconus.\[[@ref1][@ref2][@ref3]\] Studies suggest that subclinical or clinical keratoconus is found in 1 to 6% of myopic patients undergoing refractive surgery.\[[@ref4][@ref5][@ref6][@ref7]\] Several corneal imaging techniques have evolved, mainly to distinguish subclinical or clinical keratoconus among patients scheduled for refractive surgery because operation on an undetected keratoconic cornea is a major cause of post-refractive surgery ectasia.\[[@ref8]\]

Placido disk-based videokeratography which examines the central 7-8 mm of the anterior corneal surface is the initial technique most widely used for diagnosis of keratoconus.\[[@ref5][@ref9][@ref10]\] The second introduced technique was slit scanning topography (Orbscan, Bausch and Lomb, Orbtek Inc., Salt Lake City, UT, USA) followed by Scheimpflug camera (Pentacam Comprehensive Eye Scanner, Oculus Optikgerte GmbH, Wetzlar, Germany) which are able to measure anterior and posterior corneal surface elevation data and determine pachymetry maps.\[[@ref11][@ref12]\]

The more recently introduced Galilei dual Scheimpflug system (Ziemer Ophthalmic System AG, Port, Switzerland) is a noninvasive diagnostic instrument designed for the analysis of anterior segment characteristics including Placido disk-based topography, pachymetry, net corneal power, elevation maps, anterior chamber depth and corneal wavefront.\[[@ref11][@ref12]\] It combines two technologies including Placido imaging which provides curvature data, and Scheimpflug imaging which is optimal for precise elevation measurements. In contrast to other imaging techniques such as Orbscan, the information regarding what constitutes normal or abnormal values measured with the Galilei dual Scheimpflug analyzer is limited. Moreover, values and indices obtained from different instruments are rarely interchangeable as these instruments use different methods to depict corneal surfaces. Therefore, it is of high significance to determine the abnormal values of the parameters obtained by the Galilei dual Scheimpflug analyzer.

The purpose of the present study was to measure and compare keratometric, pachymetric, and elevation parameters as well as corneal surface indices among eyes with subclinical keratoconus, keratoconus, and normal corneas using the Galilei dual Scheimpflug camera and to determine their predictive ability for detection of these conditions. Furthermore, an attempt was made to identify optimal cutoff points for these parameters to maximize sensitivity and specificity in differentiating subclinical keratoconus and keratoconus from normal corneas.

METHODS {#sec1-2}
=======

This prospective comparative study included 136 normal right eyes of 136 refractive surgery candidates (58 male cases), 23 eyes of 23 subjects with subclinical keratoconus (18 male patients), and 51 eyes of 48 patients with keratoconus (29 male cases).

The diagnosis of subclinical keratoconus and keratoconus was based on clinical slit lamp findings (stromal thinning, conical protrusion, Fleischer ring, and Vogt\'s striae) and characteristic patterns based on Placido disk corneal topography (Tomey, EM-3000, version 4.20, Nagoya, Japan). These findings were divided into minor and major criteria. Major criteria consisted of abnormal biomicroscopic findings including Vogt\'s striae and Fleischer ring \>2 mm, as well as abnormal topographic indices including skewed radial axis (SRAX) \>21°, keratoconus predicting index (KPI) \>30%, keratoconus severity index (KSI) \>30%, and abnormal keratoconus index (KCI). Minor criteria included asymmetric bow-tie pattern without SRAX, inferior steepening, KPI of 23-30% and KSI of 15-30%.

Patients who had one abnormal biomicroscopic finding and one major or two minor criteria were diagnosed with keratoconus. Subjects with a normal appearing cornea and one major or two minor topographic criteria was diagnosed with subclinical keratoconus. Normal subjects demonstrated no major criteria and no or only one minor criterion.\[[@ref13]\] Keratoconic eyes were divided into 3 groups according to mean keratometry (K) readings: Mild (K ≤ 47.0 D; 15 eyes), moderate (47.0 D \< K \< 52.0 D; 15 eyes), and severe (K ≥ 52.0 D; 21 eyes).

Eyes with previous acute corneal hydrops or a history of any ocular surgery were excluded. In the normal group, the only ocular problem was refractive error, and any ocular pathology such as dry eye, glaucoma, retinal disease, prior ocular surgery, or systemic diseases such as diabetes and connective tissue disorders led to exclusionof the subject. All participants were asked to stop wearing soft contact lenses for at least two weeks and rigid gas-permeable contact lenses for at least four weeks before measurements.

A signed informed consent was obtained after explaining the purpose of the study, and the study was approved by the Institutional Review Board of the Ophthalmic Research Center, affiliated to Shahid Beheshti University of Medical Sciences, Tehran, Iran.

A complete ocular examination including slit lamp biomicroscopy, cycloplegic refraction, corrected distance visual acuity (CDVA) using Snellen acuity chart, keratometry readings, intraocular pressure measurement, and dilated fundus examination was performed.

For measurements with the Galilei dual Scheimpflug analyzer, participants were seated with their chin on a chinrest and forehead against the forehead strap while fixating on the target. Appropriate alignment of the scan center with the corneal apex was checked using an initial Scheimpflug image formed on the monitor, together with a guide line. Measurement results were checked under a quality-specification window; only measurements with an "OK" reading were enrolled. If the comments were marked yellow or red (i.e., not OK), the examination would be repeated. Four groups of data were then used for statistical analysis. These groups consisted of (1) keratometry values including power of the flat (K~f~) and steep (K~s~) meridians, keratometric astigmatism and mean keratometry, (2) pachymetry values including central and minimal (at the thinnest point) corneal thickness, (3) elevation parameters including the radius of anterior and posterior best-fit sphere (BFS) and the maximum anterior and posterior elevations in the central 3, 5 and 7 mm zones of the cornea, and (4) surface indices including inferior-superior index (I-S), standard deviation of corneal power (SDP), surface regularity index (SRI), surface asymmetry index (SAI), irregular astigmatism index (IAI), differential sector index (DSI), opposite sector index (OSI), center/surround index (CSI), keratoconus prediction index (KPI), and keratoconus probability (KProb).

For maximum corneal elevation, a best-fit sphere (BFS) was generated by the software, with the floating option over an 8-mm fit. The float map means that the reference body has no fixed center and the distance between the cornea and the sphere surface is optimized to be as small as possible. Anterior elevation was determined by taking the maximum difference in anterior elevation between best-fit sphere and patient\'s cornea. The posterior elevation was determined by taking the maximum difference in posterior elevation between best-fit sphere and patient\'s cornea. All measurements were obtained by an experienced operator using the same machine and procedures.

All statistical analyses were performed using SPSS software version 17.0 (SPSS Inc., Chicago, IL, USA). General data including age, spherical equivalent refraction (SE), and keratometry readings as well as data obtained with the Galilei dual Scheimpflug analyzer were expressed as mean ± standard deviation (SD). One-way analysis of variance was used to compare these measurements between the study groups. In order to distinguish subclinical and clinical keratoconus from normal eyes, receiver operating characteristics (ROC) curves were calculated and quantified using the area under the curve (AUC) for different indices. Optimal cutoff points to distinguish subclinical keratoconus and keratoconus from normal corneas were calculated for the measured parameters. Positive likelihood ratio (sensitivity/\[1-specificity\]), and negative likelihood ratio (\[1-sensitivity\]/specificity) for these cutoff points were determined. *P* values less than 0.05 was considered as statistically significant.

Logistic regression analysis was performed to investigate predictors of keratometric, pachymetric and elevation data, and surface indices with calculation of R^2^ and positive and negative predictive values. This analysis was used to examine several model structures. Each model was constructed of variables representing keratometric values, pachymetric parameters, elevation data, and/or surface indices. During our analysis, different models (assuming 1-, 2-, or 3-parameter sets) were tested and the best fitted-model was selected by values of fit indices.

Classification and regression trees (CRT) analysis was performed to identify useful tree-structures for classification of data from several groups. CRT is a stepwise, nonparametric procedure which assesses the classification potential of variables relative to a split or cutoff point. The single best predictor (the one whose optimal cutoff point maximizes the number of correct classifications among the diagnostic categories) is selected as the starting variable at the top of a hierarchical tree. Subjects with values less than the cutoff point move to one category, while those with values greater than the cutoff point move into a second box of the hierarchical tree. Cutoff points are then assessed in a step-wise fashion for the remaining predictors. A classification tree is generated and will grow until maximal classification is achieved or further splitting is judged as ineffective.

RESULTS {#sec1-3}
=======

Mean patient age was 28.6 ± 4.8 (range, 20-40) years in the normal group, 27.4 ± 3.2 (range, 21-39) years in subjects with subclinical keratoconus and 30.7 ± 5.7 (range, 19-40) years in patients with keratoconus (*P* = 0.18). CDVA was comparable between normal subjects (0.0 ± 0.11 logMAR) and those with subclinical keratoconus (0.04 ± 0.12 logMAR, *P* = 0.68). CDVA was significantly lower in the keratoconus group (0.34 ± 0.28 logMAR) as compared to normal subjects (P\< 0.001) and subjects with subclinical keratoconus (P\< 0.001). Similarly, there was no significant difference between normal eyes and those with subclinical keratoconus in terms of spherical equivalent refraction (-2.67 ± 0.23 and -3.40 ± 2.96 D, respectively; *P* = 0.51), which was significantly higher in the keratoconus group (-6.07 ± 5.2 D; *P* \< 0.001). [Table 1](#T1){ref-type="table"} compares the measured variables by the Galilei dual Scheimpflug analyzer among the study groups.

###### 

Comparisons of different data measured between the study groups

![](JOVR-11-8-g001)

Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"} demonstrate AUC, the optimal cutoff points and their sensitivity, specificity, and positive and negative likelihood ratios for different parameter sets to distinguish eyes with keratoconus and subclinical keratoconus from normal eyes. As indicated, all parameters were strong enough (AUC \> 0.80) to differentiate keratoconus. These values were less effective to distinguish eyes with subclinical keratoconus from normal eyes, and only the radius of the anterior and posterior BFS, and flat and mean keratometry readings had acceptable power for differentiation.

###### 

Area under the curve cut-off points, and their sensitivity, specificity and positive and negative likelihood ratios for variables measured by the Galilei to distinguish eyes with subclinical keratoconus from control subjects

![](JOVR-11-8-g002)

###### 

Area under the curve cut-off points and their sensitivity specificity, and positive and negative likelihood ratios for variables measured by the Galilei dual scheimpflug analyzer to distinguish eyes with keratoconus from control subjects
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The results of logistic regression analysis demonstrated that both surface indices and elevation data had a predictive ability of 100% to distinguish keratoconus from normal \[[Table 4](#T4){ref-type="table"}\]. In the subclinical keratoconus group, however, none of the variables could completely detect patients and the most representative variable set was elevation data set (R^2^= 0.60), followed by keratometric data set (R^2^= 0.40), surface indices set (R^2^= 0.39), and pachymetric set (R^2^= 0.15). A 3-factor model constructed of variables representing keratometric values, elevation data, and surface indices showed the best fit (R^2^= 0.68, positive predictive values, 83.3%, negative predictive values, 97.7%) among the structures analyzed to distinguish subclinical keratoconus from normal \[[Table 5](#T5){ref-type="table"}\].

###### 

Predictive ability of different data sets to differentiate subclinical keratoconus and keratoconus from normal eyes
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###### 

Predictive ability of different model structures to differentiate subclinical keratoconus from normal eyes

![](JOVR-11-8-g005)

CRT analysis on the entire data sets produced the decision tree shown in [Figure 1](#F1){ref-type="fig"}. The parameters identified were SAI in layer 1 and the radius of posterior BFS in layer 2. Keratoconus was best discriminated from normal by SAI (99.4% correctly classified; *P* \< 0.001; sensitivity, 100%; specificity, 99.3%; positive predictive value, 98.1%; negative predictive value, 100%). Subclinical keratoconus was best discriminated from normal with a two-step tree containing SAI in layer 1, and radius of posterior BFS in layer 2 (73.9% correct classification; *P* \< 0.001). These combined results were associated with a sensitivity of 100%; specificity of 91.3%; positive predictive value of 43.4%; and negative predictive value of 100%.

![Classification and regression tree for three diagnostic groups. Percentages and numbers in each node of the tree refer to the proportion of the diagnostic groups which are identified by the decision tree.](JOVR-11-8-g006){#F1}

Applying SAI \> 1.28 to node 0 containing all study groups classified one normal eye, 4 eyes with subclinical keratoconus, and all eyes with keratoconus to node 2 \[[Figure 1](#F1){ref-type="fig"}\]. Applying the radius of posterior BFS ≤6.175 mm to the remaining participants in node 1 categorized 4 normal eyes and 13 eyes with subclinical keratoconus to node 3. The CRT analysis could not further split the participants left in node 4, as the number of eyes with subclinical keratoconus was small. Cutoff points determined by CRT (SAI = 1.28 and radius of BFS = 6.175) were slightly different from those presented in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}. This is because this analysis used cutoff values for both subclinical and clinical keratoconus versus normal corneas.

DISCUSSION {#sec1-4}
==========

The range and normal values of corneal tomographic parameters obtained by the Galilei dual Scheimpflug analyzer have previously been reported.\[[@ref14][@ref15]\] The current study reports the characteristics of four groups of parameters including topographic, keratometric, pachymetric, and elevation values measured with the Galilei dual Scheimpflug analyzer in eyes with subclinical keratoconus and keratoconus and compares these values with those in normal corneas.

Several technologies have been introduced to evaluate features of the corneal surface in normal and keratoconic corneas including Placido disk-based topography, slit scanning topography (Orbscan), and Scheimpflug system analyzer (Pentacam and Galilei).\[[@ref1][@ref2][@ref3][@ref11][@ref12][@ref16][@ref17][@ref18][@ref19][@ref20][@ref21]\] As the Galilei dual Scheimpflug analyzer generates data differently as compared to the Orbscan and Pentacam, the cutoff points obtained by these instruments cannot be used interchangeably. For instance, the cutoff value for maximum posterior elevation in the central 5 mm of the keratoconus cornea (the area which has been widely reported) was 22.5 μm in the present study. This value is much lower than the corresponding measurements obtained with the Pentacam (35 μm\[[@ref1][@ref21]\] and 55.8 μm\[[@ref22]\]) and Orbscan II (40.0 μm\[[@ref19][@ref20]\] and 48.5 μm\[[@ref21]\]). This finding explains the reason for which we studied the tomographic features of the corneal surface in these conditions using the Galilei analyzer. The cutoff points provided in the present study can be used in clinical settings, particularly among refractive surgery candidates for keratoconus screening.

Moreover, the ability of these measurements to distinguish subclinical keratoconus and keratoconus from normal individuals was investigated using the area under the ROC curves as well as logistic regression analysis. The majority of parameters had sufficient strength (AUC \> 0.80) to differentiate keratoconus which can be diagnosed in 100% of cases using either surface indices or elevation parameters. Meanwhile, the overall predictive accuracy of these readings was moderate for eyes with subclinical keratoconus (AUC \< 0.80) and a single set of parameters failed to completely differentiate subclinical keratoconus from normal. Therefore, several model structures were analyzed and a 3-factor model incorporating keratometric variables, elevation parameters, and surface indices turned out to be the most effective structure for screening of subclinical keratoconus which showed the highest, but still suboptimal predictive accuracy (68%).

The above-mentioned observations indicate that conventional corneal topography is adequate for the diagnosis of keratoconus and the addition of pachymetric and elevation data may not further increase the precision of detecting this condition. This means when keratoconus is diagnosed on the basis of abnormal slit-lamp findings, topographic data derived from Placido disk-based topography can confirm the diagnosis and there is no need for more sophisticated or expensive examinations such as Orbscan, or Galilei.

In sharp contrast, one needs different data sets including elevation and keratometric parameters, and surface indices for the diagnosis of subclinical keratoconus. However, such a large number of variables can be confusing, necessitating a stepwise approach for more accurate interpretation of the data.

The parameters emergeing from CRT analysis in the current study follow a type of logic which can be used by clinicians to narrow the possibilities of differential diagnosis. CRT analysis showed that SAI \> 1.28 did reliably differentiate keratoconus from normal as only one (1.8%) eye in the normal group had this parameter exceeding 1.28. This observation is in good agreement with other studies reporting that deformation occurs in the anterior corneal surface of keratoconus eyes.\[[@ref20][@ref21][@ref22][@ref23][@ref24]\] The radius of posterior BFS in layer 2 was the second variable present in the CRT analyses which can effectively differentiate subclinical keratoconus from normal cornea; a value ≤6.175 mm strongly suggested subclinical keratoconus and in combination with SAI \> 1.28 could separate 73.9% of cases with this condition. In this regard, the CRT analysis is congruent with previous studies which demonstrate that manifestations of keratoconus occur at the posterior corneal surface in early stages of the disease, resulting in significantly steep best-fit sphere values.\[[@ref1][@ref2][@ref17]\] Since, the sample size in the subclinical keratoconus group was small, the CRT analysis could not further categorize other potential predictors until maximal classification is achieved. Conducting a similar study on a larger sample size could help determine the role that other parameters may play in screening for this condition.

To the best of our knowledge, only one study has reported concerns about the performance of the dual Scheimpflug analyzer in eyes with subclinical and clinical keratoconus. Smadja et al\[[@ref25]\] used 55 parameters (curvature, elevation, pachymetric, and wavefront parameters) derived from anterior and posterior corneal measurements to develop a method for automating the detection of subclinical and clinical keratoconus based on a tree classification. Using this decision tree classifier, they could differentiate keratoconus from normal corneas with 100% sensitivity and 99.5% specificity, and forme fruste keratoconus from normal with 93.6% sensitivity and 97.2% specificity. The most discriminant variable to differentiate keratoconus from normal was related to the posterior asphericity asymmetry, the asphericity asymmetry index, with a cutoff value of 34.5 mm. The most discriminant variable to differentiate forme fruste keratoconus from normal was also related to posterior asphericity asymmetry, the asphericity asymmetry index, with a cutoff value of 21.5 mm. Differences observed between the above-mentioned study and ours may be explained by the criteria used for the diagnosis of subclinical/forme fruste keratoconus. In the study by Smadja et al,\[[@ref25]\] forme fruste group were defined as eyes for which there was clinically evident keratoconus in the fellow eye. These eyes had no clinical signs of keratoconus, had normal topographic features with no asymmetric bowtie and no focal or inferior steepening pattern. However, we developed our own criteria enrolling normal appearing corneas with abnormal topographic patterns. Therefore, the difference in the selected samples makes it impossible to compare the results of these two studies.

Several indices and artificial intelligence methods, such as the Rabinowitz-McDonnell test, the KISA% index, the Klyce-Maeda-Smolek Expert system, and the corneal navigator have been developed to help diagnose keratoconus.\[[@ref26][@ref27][@ref28][@ref29][@ref30][@ref31]\] Using the Galilei dual Scheimpflug analyzer, we introduce a logical approach to corneal tomography parameters derived from this device. We also evaluated whether this approach can effectively differentiate corneas with subclinical keratoconus and keratoconus from normal corneas. This opens the possibility to create artifical intelligence indices from different parameters representing corneal elevation, keratometry, thickness and surface indices for the diagnosis of subclinical and clinical keratoconus.
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